ABSTRACT The aim of this study was to evaluate the feasibility of unilateral diaphragmatic reinnervation in humans by the inferior laryngeal nerve. This pilot study included chronically ventilated tetraplegic patients with destruction of phrenic nerve motoneurons.
Introduction
The incidence of traumatic spinal injury worldwide ranges between 8 and 250 cases per million inhabitants per year depending on the country [1, 2] , with the most common anatomical region of injury being the cervical spine (∼50% of cases) [1] . 2-5% of spinal injury patients suffer from long-term ventilator dependency [3, 4] , a condition associated with shorter life-expectancy [5] related to an increased risk of pneumonia and other respiratory complications [4] . In addition, tracheotomy and ventilator-dependency interfere with speech and olfaction [6] , contributing to the impaired quality of life and social isolation.
Diaphragm pacing is a validated therapeutic approach that allows certain spinal injury patients to be weaned from mechanical ventilation [7, 8] . It improves gas exchange [9] , reduces the frequency of respiratory infections [10] , and improves speech, olfaction and quality of life [6, 10, 11] . It also reduces health costs [10] and tends to prolong life-expectancy [10] . However, diaphragm pacing is only possible if there is a conduit for phrenic nerve stimulation: loss of the phrenic motor neuron pool (C3-C4-C5 damage) renders patients ineligible for diaphragm pacing. They remain ventilator-dependent on a permanent basis.
To circumvent this outcome, restoration of diaphragm innervation through nerve transfers into the phrenic nerve has been proposed [12] . Animal studies have consistently documented that this is feasible [13] [14] [15] [16] [17] [18] [19] [20] [21] . Clinical results have been obtained in tetraplegic patients, using intercostal nerves [22] [23] [24] or the spinal accessory nerve [22, 25] . The vagus nerve has also been considered for this purpose [26] .
The ultimate goal of diaphragmatic reinnervation in tetraplegia would be to allow efficient spontaneous ventilation to resume. This cannot be achieved with infralesional donor nerves: intercostal transfers imply the subsequent use of phrenic stimulators to recondition the diaphragm and produce ventilation [22] [23] [24] . The accessory spinal nerve is supralesional, but it does not receive central respiratory inputs. Reconditioning the diaphragm after a spinal transfer involves either phrenic stimulation [22] or specific trapezius-targeted training procedures [25] . While an accessory spinal nerve transfer makes volitional breathing possible [25] , it is not expected to result in automatic breathing. KAUFMAN et al. [22] mentioned that two patients that had been treated with this technique could sustain breathing autonomously for several hours, but this could have been the result of volitional control and no evidence of automatic breathing, i.e. during sleep, was obtained.
The inferior laryngeal nerve, a branch of the vagus nerve [27] , is supralesional to cervical spinal cord lesions. Innervating the posterior cricoarytenoid muscle that adducts the vocal folds, this nerve carries rhythmic inspiratory discharges that originate in brainstem respiratory central pattern generators during breathing [28] . It starts firing in a coordinated manner with the phrenic nerve and before it [29] . As both a supralesional and respiratory nerve, the inferior laryngeal nerve is an excellent candidate for diaphragmatic reinnervation. The recovery of spontaneous diaphragm activity after inferior laryngeal nerve transfer has been documented consistently, over time, in animal models of phrenic section and spinal section [13, 15, 16, 18] . In humans, laryngeal reinnervation using the phrenic nerve has been successfully reported [30] , but there are currently no data regarding the opposite, i.e. diaphragmatic reinnervation using the inferior laryngeal nerve. The present study was undertaken to test the feasibility of this approach in patients with high spinal lesions and phrenic motor neurons loss. The protocol included unilateral termino-terminal anastomosis of the right phrenic nerve with the right inferior laryngeal nerve, and subsequent implantation of intradiaphragmatic phrenic stimulators [31] to accelerate diaphragm reconditioning in the event of actual reinnervation.
Methods

Ethics
The study was conducted according to the principles of the declaration of Helsinki. It was approved by the appropriate legal and ethical French authority (CPP Nord Ouest 1, 2007-036), and publicly registered (ClinicalTrials.gov identifier: NCT01350297). The patients received a detailed description of the study. They formally agreed to participate in the presence of a person designated by them, according to the French law, and who signed the consent forms on their behalf.
Patients
Five patients were included in the study (table 1) . They all had American Spinal Injury Association Impairment Scale (ASIA) A tetraplegia due to cervical spinal cord lesions, with a C2-C3 lesional level and damages extending to C4-C6 on magnetic resonance imaging. They were tracheostomised and permanently dependent on ventilation. They did not have other chronic pathologies and had no evidence of laryngeal disorders.
Preoperative investigations
Diaphragm responses to phrenic and transcranial stimulations Diaphragmatic surface electromyographic recordings were performed using skin taped silver cup electrodes (Biopac, Santa Barbara, CA, USA) filled with a conductive paste and positioned in the lowest accessible intercostal space close to the costochondral junction to optimise the quality of the signal [32] . The electromyographic signals were recorded using an electromyogram (EMG) 100C amplifier (Biopac) with a 20 kHz digitisation frequency within a 2-5 kHz bandwidth. Tracheal pressure was measured using a catheter (110 cm long; 1.4 mm internal diameter) placed in the tracheal tube, 3 cm from its distal orifice. The pressure was recorded using a DL amplifier (Biopac) with a 1 kHz digitisation frequency. Abdominal wall displacements were assessed using a piezo-electric mechanical sensor (Biopac), with a 1 kHz digitisation frequency.
Before performing stimulations, the patients were disconnected from the ventilator for 20 s or until transcutaneous pulsed oxygen saturation fell below 85%, to study spontaneous ventilation ("presence" or "absence"). After reconnection and reoxygenation, cervical magnetic stimulation (CMS) [33] was performed using a Magstim 200 stimulator equipped with a circular doughnut-shaped 90 mm coil producing a maximum output of 2.5 T (Magstim, Whitland, Dyfed, UK). The coil itself was centred over the spinous process of the seventh cervical vertebra. Transcranial magnetic stimulation (TMS) [34] was performed with a circular coil positioned over the vertex (thus stimulating both hemispheres) and with the handle in the sagittal plane. Various anteroposterior locations were tested to determine the best response in terms of the motor evoked potential of the target muscle. The position of the coil was marked precisely on the scalp and was subsequently maintained carefully. Three reproducible responses were then recorded for cervical and transcranial magnetic stimulation. A few seconds before the magnetic stimulation, patients were disconnected from the ventilator, and stimulations were always carried out at end expiration, tracheal tube occluded.
For all the stimulations, conduction times were measured from the stimulation artefact to the first departure from baseline, if any; motor evoked potential amplitudes were measured from peak to peak; tracheal pressure amplitude was measured from baseline to peak; and abdominal displacements were described as "absent", "increase in abdominal circumference", or "decrease in abdominal circumference". To consider that there was actually no diaphragm response to stimulation and therefore a complete loss of phrenic motor neurons, the following criteria had to be met: 1) absence of any EMG signal following cervical or transcranial magnetic stimulation; and 2) absence of any mechanical response in terms of tracheal pressure and abdominal displacement. Because CMS coactivates the diaphragm and other inspiratory muscles, a negative pressure response associated with a decrease in abdominal circumference was accepted in the absence of EMG response (indeed, diaphragmatic contractions simultanously lower intrathoracic pressure and increase abdominal pressure, hence an increase in abdominal circumference; a decrease in abdominal circumference indicates that muscles other than the diaphragm are responsible for any negative intrathoracic pressure observed after cervical or transcranial magnetic stimulation). Nasoendoscopy A nasoendoscopy was performed in all patients to assess the normality of the pharyngolarynx and the absence of vocal folds lesions (ENFGP 20, Olympus, Hamburg, Germany). The nasoendoscope was protected by a slide-on endosheath system (Medtronic Xomed Inc, Jacksonville, FL, USA) after decontamination. It was introduced into one nostril without topical anaesthesia and then the velum, the pharynx and the mobility and the sensitivity of the larynx were carefully assessed. Swallowing was assessed with puree consistency foods and liquids. For liquids, aspirations were also researched with the nasoendoscope placed into the trachea through the tracheostomy tube. Swallowing function was qualitatively analysed [35] .
Selection for surgery Diaphragm responses and nasoendoscopy were analysed independently by three of the authors (E.V., J.P.M. and T.S.). The patients were selected for reinnervation surgery if there was no spontaneous ventilatory activity, no diaphragm response to CMS in terms of EMG, tracheal pressure and abdominal displacement [34] , no diaphragmatic response to TMS, no morphological pharyngolaryngeal anomaly, and normal swallowing function under mechanical ventilation.
Surgery
All patients were operated by the same surgeon ( J.P.M.), at Rouen University Hospital, after medical transportation to this site (under the supervision of B.V.). A lateral cervicotomy was performed under aseptic conditions. The right phrenic nerve and the cervical roots were exposed and the phrenic nerve was identified by anatomical landmarks. Its axonal degeneration was verified by direct electrical nerve stimulation (2 mA) (VariStim RIII, Medtronic Xomed Inc). The phrenic nerve was then sectioned in the neck below the sixth cervical root. A retrograde dissection of the inferior laryngeal nerve was performed, in the caudal direction, avoiding opening the tracheotomy space to elude any contamination from the cervical wound. An anastomosis was then performed between the distal part of the right phrenic nerve and the proximal part of the right inferior laryngeal nerve trunk, sectioned just below the laryngeal entrance. End-to-end epi-perineural sutures were made with 9.0 nylon thread.
With the aim to mitigate the consequences of laryngeal denervation on phonation and the risk of aspiration, laryngeal reinnervation and vocal fold medialisation was performed at the same time. The ansa hypoglossi was dissected close to the jugular vein, and followed distally until the strap muscles where the nerve was cut. An end-to-end anastomosis was then performed between the ansa hypoglossi and the distal portion of the inferior laryngeal nerve (with the same microsurgical technique, under magnification) [36] . The cervical wound was closed with drainage. Additionally, to wait for the axonal regrowth (usually 4 months), homolateral right vocal cord medialisation was performed, by an endoscope approach (suspension laryngoscopy), using small pieces of fat harvested from a peri-umbilical incision, and placed in a high-pressure Broninge syringe. The vocal cord was filled with 1 mL of fat, injected into the membranous medial portion of the vocal muscle.
Follow-up
The preoperative investigations were repeated at day 10 post-surgery, and then after 1, 6, 12, 18 and 24 months.
Diaphragm pacing
The implantation of intradiaphragmatic phrenic nerve stimulators (NeurRxRA/4 Diaphragm Pacing System, Synapse Biomedical, Cincinnatti, OH, USA) [31] was proposed to those patients in which a diaphragm response to CMS appeared during follow-up, but without recovery of spontaneous respiratory activity, according to the hypothesis that this situation was due to persistent diaphragmatic atrophy in spite of reinnervation. All the patients were operated at the same site (Pitié-Salpêtrière hospital) by a surgeon with extensive experience with this approach, and according to the laparoscopic procedures described for this technique [31] .
Results
Preoperative investigations
None of the patients exhibited spontaneous ventilation when disconnected from the ventilator, even when arterial oxygen saturation measured by pulse oximetry fell to 80%.
All patients fulfilled the criteria for phrenic motor loss according to cervical and transcranial magnetic stimulation (complete absence of both EMG and mechanical responses to stimulation in four cases (figure 1); absence of EMG and negative tracheal pressure and decrease in abdominal circumference in one case (#2); see methods). The nasoendoscopic evaluation was normal in all patients, and no abnormality in the swallowing function was detected. All patients could audibly speak under mechanical ventilation, but all exhibited the phonation difficulties typical to tracheotomised and mechanically ventilated tetraplegics [37, 38] .
Surgery and immediate post-operative care
In one patient (#2), direct electrical stimulation of the exposed right phrenic nerve resulted in unambiguous diaphragm responses with visible abdominal expansion. Therefore, the procedure was stopped and the patient excluded from the study (this patient was subsequently implanted with phrenic stimulators and weaned from mechanical ventilation). In the other four patients, no diaphragmatic contractions were observed in response to direct phrenic nerve stimulation, and the procedure was successfully carried out, as described in the methods section.
The post-operative length of stay in the intensive care unit ranged from 5 to 8 days. The first post-operative diaphragm assessments (day 10 and month 1) did not reveal any change. No early troubles with swallowing were detected. No significant changes in voice were reported by the patients, their next of kin and their caregivers. Endoscopic evaluation showed that the right vocal fold was always paralysed in the medial position, with a complete laryngeal closure.
Follow-up from 6 to 24 months General follow-up One patient (#3) suddenly died at 6 months (unexplained cardiac arrest). One patient (#4) suffered from a moderately severe pulmonary embolism 15 days after surgery, with no subsequent episode after anticoagulant treatment and no distant consequences. One patient (#5) suffered from severe pneumonia with septicaemia (Candida albicans) and from an urinary tract infection (Pseudomonas aeruginosa) at 1 year, with complete resolution under appropriate antibiotic therapy.
Specific follow-up
Patients #4 and #5 underwent the complete follow-up programme (6, 12, 18 and 24 months), whereas patient #1 refused the 18-month work-up. In these three patients, no change in nasoendoscopic findings was observed, there was no swallowing disorder for food or liquid and no episode of laryngeal aspiration or bronchial penetration, and there was no noticeable change in voice. The right vocal fold was always found in medial position at laryngeal examination. At 6 months, there was no response in patient #1 and a bilateral response to CMS with right and left motor evoked potentials in patients #4 and #5 without any modification of tracheal pressure and abdominal circumference induced by bilateral phrenic nerve stimulation (tables 2 and 3). After 1 year, there was a bilateral electromyographic response to CMS in the three patients, with a negative tracheal pressure response in two cases (#1 and #4), and an increase in abdominal circumference (ascertaining positive abdominal pressure, hence diaphragm contraction) in one case (#4) (table 2). After 2 years, the pattern of response to CMS was that of a diaphragm contraction in the three cases (increase in abdominal circumference) (table 2). The latencies and amplitudes of the diaphragm electromyographic responses to CMS are given in table 3. In view of these results, diaphragm pacing was proposed to the three patients. Patient #4 refused, but patients #1 and #5 were actually implanted.
In patient #1, visible contractions of the diaphragm were observed in response to stimulations applied close to the anatomical landmark of the phrenic motor point during the laparoscopic implantation procedure, on both sides. However, diaphragm reconditioning proved impossible during the weeks and months following the implantation, even though 36 months after the inferior laryngeal nerve transfer and 12 months after the implantation of the phrenic stimulators intradiaphragmatic recordings ( performed with the stimulating electrodes) evidenced a bilateral response to CMS (table 3) . This response was of very small amplitude (table 3) , with a quite decreased tracheal pressure and no change in abdominal circumference. After that the patient refused further investigations and in spite of several attempts no further intradiaphragmatic recordings could be performed. In patient #5, visible contractions of the diaphragm were also observed in response to stimulations applied closed to the anatomical landmark of the phrenic motor point during the laparoscopic implantation procedure, but on the right side only. Post-operatively, intradiaphragmatic recordings evidenced a contraction of the right hemidiaphragm during a phonatory exercise performed under mechanical ventilation (figure 2a) and during a voluntary sniff manoeuvre (figure 2b). CMS confirmed this pattern by showing a typical M-wave response in the right hemidiaphragm (intramuscular recordings), but not in the left one ( figure 3) . Unfortunately, the patient died during the diaphragm reconditioning procedure.
Discussion
This study shows that nerve transfer from the right inferior laryngeal nerve to the right phrenic nerve is feasible in tetraplegic ventilator-dependent patients with cervical spinal cord lesions and loss of phrenic motor neurons. This echoes the reciprocal technique documented for laryngeal reinnervation [30] and extends to humans the data accumulated over time in animal models [13, 15, 16, 18] . This surgical approach, associated with right vocal fold medialisation and a concomitant transfer on the ansa hypoglossi to the severed laryngeal nerve, was not associated with post-operative swallowing problems and did not alter voice in a clinically detectable manner. It was associated with actual diaphragm reinnervation, even if at 36 months none of the patients could restore their automatic ventilation.
Tolerance
The physiology of voice production is dramatically modified in tetraplegic patients due to the lack of active expiration: subglottic pressure can only be built by the elastic recoil of the lungs [39] . This makes phonation difficult and fragile, with competition between gas exchange and speech production [38] and the need for a careful management of ventilatory support to preserve speech [37, 40, 41] . Since the ability to communicate verbally with others is a major determinant of quality of life in ventilator-dependent tetraplegic patients, it was very important to minimise the risk of deteriorating speech production. Based on previous research and experience [36, [42] [43] [44] [45] , we hypothesised that combining the laryngeal-phrenic anastomosis with an immediate medialisation of the vocal cord by thyroplasty and a reinnervation of the severed laryngeal nerve by anastomosis to a branch of the hypoglossal nerve (ansa hypoglossi) [45] should prevent this outcome. Detailed follow-up of our patients failed to identify any significant clinical abnormalities regarding speech production and swallowing/aspiration issues, both early and late after surgery. Therefore, we believe that the combination of surgical approaches we used is safe and acceptable in the clinical context of tetraplegia with ventilator-dependence, provided that any laryngeal dysfunction is ruled out before the operation. Of note, the inferior laryngeal nerve is a perfect theoretical candidate for phrenic reinnervation in the context of cervical spinal lesions because its origin is supralesional and because it is a respiratory nerve [28] , but its role in laryngeal innervation rules out its use for bilateral phrenic reinnervation. However, one functional hemidiaphragm suffices to produce adequate alveolar ventilation at rest [46, 47] and during exercise in non-paralysed patients [47, 48] , and should thus suffice to meet metabolic needs in tetraplegic patients.
Recovery of diaphragm function
There is no doubt that the four patients who actually underwent the laryngeal-phrenic anastomosis during our study had fully nonfunctional diaphragms at the time of inclusion. They had been tetraplegic and ventilator dependent for at least 12 months without clinical evolution and they had spinal lesions highly likely to be associated with phrenic motor neurons loss. CMS failed to elicit any electromyographic or mechanical response of the diaphragm. In addition, direct stimulation of the phrenic nerve during surgery failed to elicit any visible diaphragm contraction. With time, responses to CMS appeared in the three patients who could be followed for more than 6 months. In the three cases, these responses included an increase in abdominal circumference that is an unambiguous indication of diaphragm contraction (all the more so in the two cases where this was associated with a decrease in intrathoracic pressure). As a result, there is also no doubt that recovery of diaphragm function did occur. In addition to a typical mechanical response to CMS, electromyographic responses that were initially absent were noted 1 year after the operation. Unexpectedly, these responses were not confined to the right side (reinnervated) but were bilateral. This raises three hypotheses: 1) electromyographic signal contamination (the left electrode picking-up a signal originating on the right side); 2) concomitant graft-induced reinnervation on the right side and spontaneous recovery of the left side; and 3) actual bilateral reinnervation following unilateral nerve transfer. Of note, spontaneous recovery cannot be called upon to explain the reinnervation of the right hemidiaphragm in our patients, because their right phrenic nerve was cut through to perform the anastomosis with the inferior laryngeal nerve, at a level below the convergence of the C4 and C5 component of the phrenic nerve [49, 50] . The observations made with intradiaphragmatic electrodes in patient #5 (unilateral activation of the right hemidiaphragm not only during a sniff manoeuvre but also during phonatory exercises, and unilateral response of the right hemidiaphragm on CMS) do ascertain the fact the right hemidiaphragm actually got reinnervated by the inferior laryngeal nerve.
The bilateral nature of the electromyographic response to CMS could be purely artefactual, with the left electrode picking up a signal arising from the right hemidiaphragm (crosstalk or far field phenomenon). This hypothesis is made all the more likely by the recording montage that we used [32] , which involves the right and left pairs of surface electrodes being much closer to one another than with usual diaphragm montages [51, 52] . In patient #5, we observed a bilateral response to CMS with surface electrodes, but the response was unilateral with intradiaphragmatic electrodes: this supports signal contamination. Yet, unilateral electromyographic diaphragm response to CMS has been reported [53] , indicating that right-left signal contamination does not systematically occur with this technique. In addition, we observed a bilateral electromyographic response to CMS with intradiaphragmatic electrodes in patient #1, a recording technique that makes crosstalk unlikely. Therefore, in this patient bilateral diaphragm recovery is impossible to rule out.
The spontaneous recovery of diaphragm function in patients with high cervical spinal cord lesions (at times involving C4) who had been ventilator-dependent for long periods of time and in whom phrenic stimulation had failed to elicit a diaphragm response has been described [54, 55] . This could have occured on the left side in our patients, but the probability of observing this in all of them seems very low. This mechanism appears more probable in patient #1, because of the bilateral nature of the intradiaphragmatic recordings at 36 months, than in patients #4 and #5 (where signal contamination remains the foremost hypothesis).
The third hypothesis to explain a bilateral response of the diaphragm to CMS in our patients (and particularly patient #1) would be an actual reinnervation of the left hemidiaphragm triggered by the graft-induced right reinnervation. In normal individuals, diaphragm contractions are systematically bilateral. This is crucial to optimise the inspiratory action of the diaphragm, because unilateral diaphragm contractions not only develop less inspiratory force but also exert an expiratory force on the contralateral lung through the transmission of the positive abdominal pressure that they generate to this lung and through the noncontracting hemidiaphragm [56] . The neural mechanisms of the right-left coupling of the two hemidiaphragms are central in origin. The inspiratory neurons in the pre-Bötzinger complex project to the contralateral pre-Bötzinger complex both anatomically and functionally, commissural connections ensuring pre-Bötzinger bilateral synchrony [57] [58] [59] [60] . In additon, phrenic premotor neurons located in the rostral part of the respiratory ventral group (rVRG) project bilaterally on spinal phrenic motor neurons [61] . The inferior laryngeal nerve originates in the nucleus ambiguus that belongs, with the pre-Bötzinger complex, to the rVRG. It could be postulated that diaphragmatic afferents carried by the right inferior laryngeal nerve after its anastomosis to the phrenic nerve and diaphragm reinnervation triggered the pre-Bötzinger complex to broadcast efferent messages to the left side, thereby inducing reinnervation of a pathway to the left diaphragm. Given the typology of the spinal lesions in our patients, this pathway could not have involved C4 spinal phrenic motor neurons. However, it could have involved C5 phrenic motor neurons, known to possibly contribute to an important contingent of the phrenic nerve [49] and that were infralesional in our patients. In patient #1, diaphragm pacing could have contributed to amplify the process through retrograde stimulation. Specific animal models are needed to assess the plausibility of this very speculative mechanism.
Limitations and open questions
The very small size of the study population, the difficulties in obtaining homogeneous follow-up in our patients, and the very preliminary nature of the results are obvious limitations of our study. In addition to the bilateral reinnervation issue extensively discussed above, some of our observations are perplexing. For example, because we used a supralesional nerve to reinnervate the phrenic nerve, diaphragmatic reinnervation should have been associated with a recovery of the response to TMS. This was not the case even though in patient #5 the reinnervated diaphragm did respond to corticospinal inputs (voluntary sniff manoeuvre and phonatory exercises). Also, in spite of a patent diaphragm reinnervation, diaphragm pacing failed to achieve diaphragm reconditioning in patient #1, for reasons unknown. The most important issue that our study leaves unresolved is the ability of the reinnervation of the phrenic nerve with the inferior laryngeal nerve to restore automatic ventilation, which remains theoretical at this stage. Nevertheless, our study demonstrates the feasibility, safety and effectiveness of phrenic neurotisation by the inferior laryngeal nerve in ventilator dependent tetraplegic patients with loss of phrenic motor neurons. This approach should now be evaluated in a larger cohort of patients, with the recovery of automatic ventilation as the main outcome.
